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l;ollowing launch on 10 August 1992, ‘1’01’EX/l’oscicicm began and continues a very successful global study of
lh(’ c’arlh’s (jccan circulation using a combination of radar altimetry and precision orbit determination.
‘1’C)l’llX/l’owiclo]~”  is a joint effort of NASA and tlw Frmch  Space Agency CNI;S ((:cntrc  National d’lltudcs Spatialcs)
and is curmwtly in the final year of its three-year primary mission. A three-year cxtcndcd  mission phase will follow.
‘1’hc near-circular froz,cn orbit has a mean altitude of -1336  km and an inclination of -66 dcg, providing a repeat
ground track covering 127 orbits over -lo days. ]’criodic orbit n~,iintcnancc maneuvers (OMMS) keep the ground
track within f 1 km of a rcfcrcncc  ground track, while also cnsu] ing that other orbital parameters remain within
required limits. I’rcci sion orbit determination (1’01>) performed by the C;oddard  Space Flight Center (GSFC) using
laser ran~ing and DORIS tracking data (CNES)  defines radial position rcla t ivc to the gcoccntcr  to an unprcccdcntcd
accuracy 0( -5 cm.

‘1’hc 1’01 ) rcsll]ls  arc utiliz,cct to reconstruct the opcra[ional orbit history in terms of classical mean clcmcnts.
‘1’hc kc’y ~mr(imctcrs arc the semi-major axis a , the inclination i, and the ecccv]tricity vector, e- (O. These mean
~>l~)n~cv~ts rt)(lc’ct r~vnoval of all central and third-body perturbations having periodic variations over a sing]c ground
t r,]ck rcpcm t cycle. A 20x20” truncation of the JCM2 earth gravity field dctcrminw  the mean semi-major axis rclat ivc
to tl~~ 1’01) to il]~ RMS i~cc(]rt~cy of -14 cm; detm-mines mean inclination to an RMS accuracy of -5 )1 dcg, and
d(’tc’rn~incs th~’ eccentricity vector parameters with an RMS of -9 d(’g for m, and -7 ppm for eccentricity. ‘l’his papm-
dc[i ncs the mean clcmcnts,  dc[mmincs  their computational precision and cost, and cstab]ishcs  the sources of their
vi]riation.  ‘1’hc e((ccts of these variations on the ground track bchak’ior arc then sulnnlari~,ed.

Semi-major Axis

l’r~~-lil~]l]ch  stlldics  indicated ground track control could bc cffcctivcly  provided by periodic removal of
,]~’c-tl[]~~]lt~t~~(l  s(m]i-major  i]x.is  d~ci]y  caused by along-track forces due almost cntirc]y  to atmospheric drag. I’his
control  prc)ccss rcqllircs sub-meter semi-major axis dctcrn~i]]iition  accuracy, achicvcd  by operational orbit
~i(}tc’rl]~il~t~ti[)]]  p(’r(or]ned by the’ [;Sl~C l~light  I)ynamics  }~acility using oneway l~opplcr acquired via the NASA
‘1’r,lcking  i]]]d lJata R1’lay Satellite Systcm (’1’1)1<SS). ‘]’hc rate of semi-major axis decay would depend primarily on
(l)c>  8 I -day nNwn }~10,7 soli~r flux. At launch in Au~ust 1992,  the mean solar fll]x was -125x10- 22 watts/n~2/IIz,  and
has s[c~,~dily dcclincd from this level as thcl minimum of solar cyclc~ 22 approacl~m, cl]rrmtly  cxpcctcd  in late 1996.
‘1’Iwsc Circ(]l)lsti]nc(’s limit the drag-inducc(i  semi-major axis decay Iatc to -5 to 7 cn]/day.

After Ian rich, observed changes in scvni-major axis were much larger than cxpcctcd,  indicating the prcscncc of
[~dciitional i~l~)])g-tr’~ck  for-cl’s, n(~w~  con firnwd to have body-fixed origins. These forces cause ei thcr orbital boost or
ciL’cay, dc’p(mdinfi on the yaw control mocic. liithcr sinusoidal y,iw steering or fixed yaw modes maintains nadir
pointing for i~ltin~~~try and points the larg,c 28 n~2 solar array (SA) near the sun for power management. q’hc body-
I’ixc(i forc(is iirisl> from solar rildiatio]),  th~’rn]iil gradients, and molecular OLltgilSSil)~,  produced mostly by the ]argc
SA, ~)iir(ic[]li][ly ci[lrin~ i] fixl’d Yijw n~od~~. Shortly before launch, ii plan wi~s adopted to LISC a SA pitch bias to limit
pl~,lk lm(tc~ry chiir>;(>  currcmts (iuring exit from cart]] occultation. A 54-dcg pitch bias cffcctivcly  regulates battery
p(’rt’orini)ncc’,  b~]t ri]dii~tion forces normal to the SA arc not alon{; the sunlinc i~s originally planned and rcf]cctcd
thr(~liSh~)ut  ncivigation  SC)t’t Wil L’(’. As i~ rcsul t, sizable unp]anncd  along-track co]nponcmts accumulate to change the
s~~l)~i-]~~i~j(~r  i~xis  as much as 25 cn~/day, the direction and magni((ide dcpcndins  On (hc yaw mode. ‘1’hcsc  body-
li Mid (or~x’s ~i~t] c] thcr (~f(sc’t  or ad(i to the dcca y in wmi-major axis inducc>d by a t mosphcric drag (I;ig. 1). Estimates
{)( t hrsc (orec>s and ill~ effect ivc predict ion model were nccticd to m]intain  the satclli tc orbit and ground track.



.

“1’hc  combi ncd C((CCIS of at mosphcric  drag and the bcjd y-fixed forces on semi-major axis were effect ivcly
estimated from quick-look orbit determination based on laser ran~ing data. A byproduct of this st ratcgy is the total
once/rcv along-track ]~(>~~-gravitatio]~al acceleration from which the total rate of change in semi-major axis can be
easily computcct. ls()lati()]~  () ftl]ct>()dy-fixt'd  forccstl~[!~~  rc`quirc!s r(n~(~val( )fdra~c ()~~tril>utio~~s. ‘IShcintcgrity of this
~>r{)c(~ss  (i('~>cJ]~(ls (~z~tl]{~accl]racy  {) ftll(~at]~~(~s]>  l~cricdcl]sity ]~~odc~l, a]~dtl~is  always raiscsrcas(~]~abl  cc()~]ccr~~.  This
paper compares the performance of the Jacchia-Roberts and DTM empirical dmsity  models, neither of which reflects
(Iig,ht data at ‘1’C)l’l{X/I’c)s(’idoI~  altitude. Thmrctica]  models of the body-fixed forces were dcvclopcxi for each yaw
conlrol nl(dc using cst i ma tcs of satellite surface properties and i nflight temperature mcasurcmcnts.  Diffcrcnccs
bctwc)cn the> thcorc[ica] moctcls and obscrvcct data arc currently most notab]c during yaw steering when SA curling
caused by thermal imbalances arc bclicvcct to bc the primary contributor to observed along-track forces. Ongoing
improvcnwn~s in the thcorc’tical models may eventually permit tllcir operational usc instead of the more ccsmplcx
and tcd ious empirical techniques currcntl y used. Such nmcicling imprcwemcmts  may simplify flight operations and
allow more confident isolation of drag cent ributions that could lead to improved dcnsi t y models.
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l’ig. 1. Mean Semi-majo]  Axis }Iistory
inclination

An [)rbit inclination O( -66 ctcg allows covcragc of - 9~y0 of th[. earth’s icc-free m-cans, whi]c also providing the
(irsi-~~vc~r lm,asu nvncnts of (~ccwn tides f mm space. ‘1’hc required “t,lrgct” inclina t ion O( 66.0408” dcg provides prccisc
t)vl’r ili#~t c)( two ~rol[nd verification sites during each repeat cycle, dctcrmincci  by removing all gravitational
pc>rturbiltions  with periods IIp to three years (prime mission duration).  ‘1’hc nwal~ inclination, defined by rcnmva] of
only the pc~rturbations with lo-day pcrimticity, exhibits long-term variations of j 3 mdcg about the target value duc
to a cc)nlbination of Illnar and .so]ar ~ravity influences. Lunar gravity alone inciuccs the shorter-term variations (see
I:ig. 2). At ‘1’01’llX/l’oscidon  altitude, these perturbations induce ground track variations of similar magnitude as
caL]scci  by ci thcr at mosphcric  drag or t hc bod y-fixcct forc(’s. ‘1’hc effects of lunar-solar gravity on the ground track
bccomc mor(’ pronouncc~i  in the prcscncc  of lower drag as the solar miniml]m appmachcs  in late 1996.
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l:ig. 2. Mean inclination History
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U SC of a fromn  orbit limits variations in eccentricity and pwiapse  location and precludes the need for
ma ncu vcrs spmi ficall y dcd icatcd to their cent ml. An eccentricity c < 0.()()1 suitably limits altitude variations for
C’ft’cctivc al[imctry. A frozen orbit easily guarantees this control by the near-cancellation of higher-order
geopotcntia] pcr(urbations  on m by secular variations, whi]c lowcl-order pcrt~]rbations On eccentricity vanish when

{O = 9(1 or 270 deg. A sequence of six orbit acquisition maneuvers achieved cccmtricity  vector values mar the target
conditions of c : 95 ppm and {o = 90 deg. Fig, 3 shows that inflight variatio]ls in e and o during the two years
sinccl lau I)ch systematically vary about  t}]c~.w.  targc~t values. I’hc paper explains these variations and the influcncc of
ongoing OM Ms, and compares thcm with those predicted by pre-f] ight stl]dics.
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Fig. 3. Eccentricity Vector History
GrounQ  ~’rack History

Sinc(, }>rc,cisc~ly achic.vi])~ opm-ational  orbit conditions dur-in{; the first six weeks following launch, there have
b~’(11~  scIvL’]~  OM MS in~plcm~’ntcd  to c’ffcctivcly maintain the satellite ground track within f 1 km of the rcfcrmce
gro(illd tr,]ck. ‘1’h(w~ OM Ms, pcriormcd  near the cast bol]ndary  O( the control txind,  raise the decayed semi-major
axis abt)v(’ the’ r~’tcrcvm~ value (SCC l~ig. 1 ), ther~i>y  inducins  a westward drift in the p,round track. Fig. 4 shows the
rc’s~lltin~ Sr{)und track history and each OM M location. 1,unar -solar ~ravity perturbations induce short-term
p~~riodic oscillations in the orbit node and node rate, and have the Inost pronounced effect as the ground track mars
the west boundary. ‘1’lwsc  })crtLlrt)ations  }]avc  the same (Jrcicr of ]nagnitudc effect on the satellite ground track as
cithvr atmosphmic  drag or the bocly-fixc>d forces, and can therefore ~rcatly in flucncc Xround track behavior. ‘t’hc
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l;ig. 4. Crounct Track ]Iistory  and l{elatwt Orbit Maintenance Maneuvers (OMMS)
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